Escherichia coli O157:H7 is a human pathogen that is carried and transmitted by cattle. Scotland is known to have one of the highest rates of E. coli O157 human infections in the world. Two hundred ninety-three isolates were obtained from naturally infected cattle and the environment on two farms in the Scottish Highlands. The isolates were typed by pulsed-field gel electrophoresis (PFGE) with XbaI restriction endonuclease enzyme, and 19 different variations in patterns were found. There was considerable genomic diversity within the E. coli O157 population on the two farms. The PFGE pattern of one of the observed subtypes matched exactly with that of a strain obtained from a Scottish patient with hemolytic-uremic syndrome. To examine the stability of an individual E. coli O157 strain, continuous subculturing of a strain was performed 110 times. No variation from the original PFGE pattern was observed. We found three indistinguishable subtypes of E. coli O157 on both study farms, suggesting common sources of infection. We also examined the antibiotic resistance of the isolated strains. Phenotypic studies demonstrated resistance of the strains to sulfamethoxazole (100%), chloramphenicol (3.07%), and at a lower rate, other antibiotics, indicating the preservation of antibiotic sensitivity in a rapidly changing population of E. coli O157.
shedding patterns of a cohort of spring calves born in 2001. The calves were kept on pasture until they were housed on 25 October 2001, were sampled once in June 2001, and then were sampled every 1 to 2 weeks from July until housing on 25 October 2001. At the time of housing, the calves were separated from their dams and split into two groups according to size, one group with 32 calves and another with 33 calves. Both groups were housed on straw, and each had separate feed and water troughs. The dates, type, and number of samples taken following housing are given in Table 2 .
The Table 3 . An additional four yearlings were added to this group in early September 2001 while they were at pasture. The group was then reduced to 34 head at the time of housing on 12 October 2001.
The sampling procedure for fecal pats did not require identification of the source animal for each pat, and it is possible that during each sampling more than one pat from any particular animal was sampled. All samples, both fecal and environmental, were refrigerated within 2 h of sampling and held at 4°C until testing, which occurred within 48 h of sampling.
E. coli O157 isolates from other sources. Ten E. coli O157 strains isolated in 2000 and 2001 from humans, a goat, and cattle in various locations around Scotland were obtained from the Department of Medical Microbiology, Grampian University Hospital, Aberdeen, Scotland (see Table 6 ). We are not aware of any epidemiological connection between these isolates and the farms investigated in this study.
IMS. Within 48 h of sampling, 1 g of feces from each sample was suspended in 20 ml of buffered peptone water and incubated at 37°C for 6 h. Following incubation, 1 ml of buffered peptone water broth was added to 20 l of serogroup O157-specific immunomagnetic separation (IMS) beads (Dynal Biotech Ltd., Bromborough, Wirral, United Kingdom) in a screw-cap microcentrifuge tube. The tube contents were mixed on a blood tube rotator for 30 min and then tubes were placed in IMS magnet racks for 5 min. Beads were then washed three times as follows. From each tube, supernatant was removed and beads were resuspended in 1 ml of phosphate-buffered saline with 0.05% Tween. Each tube was inverted gently four to five times and then placed in a magnet rack for 3 min. Following the final wash, the supernatant was removed and beads were resuspended in 50 l of phosphate-buffered saline with 0.05% Tween. To ensure beads were thoroughly suspended, tubes were held upright and flicked gently several times. Fifty-microliter suspensions of serogroup O157 beads were plated on sorbitol MacConkey agar supplemented with cefixime (2.5 mg l Ϫ1 ) and potassium tellurite (0.05 mg l Ϫ1 ). Non-sorbitol-fermenting colonies were picked and plated onto Chromocult coliform agar (Merck, Poole, Dorset, United Kingdom) and incubated overnight at 37°C; distinctive hazy red-pink colonies were tested with anti-E. coli O157-coated latex reagent (Oxoid, Basingstoke, Hants, United Kingdom). All isolates were stored on cryobeads (Mast Diagnostics) at Ϫ80°C before further analysis. PFGE. PFGE analysis was based on techniques described elsewhere (7, 12) . PFGE was performed on a CHEF DRII apparatus (Bio-Rad Laboratories, Hemel Hampstead, United Kingdom) with pulsed-field certified agarose (BioRad Laboratories) in 0.5ϫ Tris-borate-EDTA buffer. The electrophoresis conditions were a linearly ramped switching time from 2.1 to 54.2 s for 22 h at 14°C at 6.0 V/cm (200 V) for XbaI and 10 to 30 s for 18 h at 14°C at 6.0 V/cm (200 V) for NotI. After PFGE, the gels were stained with ethidium bromide, photographed, and recorded with the Bio-Rad diversity database software image capturing system. To rule out incomplete digestion, each isolate was digested and subjected to PFGE twice. To normalize bands from one gel to another, a midrange molecular weight lambda marker (New England Biolabs) was included in three lanes of each gel and an internal E. coli O157 control was included on every gel. The internal control (WX002277S01E) was selected from E. coli O157 strains isolated in this study. The PFGE profile of the internal control belongs to the most common pattern (14A). The analysis was performed with BioNumerics software, version 3.0 (Applied Maths, Ghent, Belgium). Fragments smaller than 48.5 kb in length were not used in analysis. This software facilitated the development of the algorithms necessary for further gel analysis, including the comparison of profiles of isolates based on the Dice coefficient, preparation of a phylogenetic tree, and cluster analysis with the hierarchic unweighted pair arithmetic average algorithm.
The most common PFGE pattern (14A; 65 of 293 isolates) in this study was designated as the pivotal baseline for the demonstration and comparison of the similarities and differences between each group in a simplified fashion.
Detection of Shiga toxins and intimin (eae) genes. Multiplex PCR for identifying Shiga-like toxin and fimbrial adhesin intimin-producing isolates was as previously described (21, 35) , except for the following modifications. Crude DNA was prepared by inoculating a colony into 50 l of water and boiling the cultures for 10 min. HotStarTaq master mix kit (Qiagen GmbH, Hilden, Germany) was used in a total volume of 50 l. The reaction was carried out in a Gene Amp PCR system 9700 (Perkin-Elmer) thermal cycler at 95°C for 15 min, with 30 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min and a final extension at 72°C for 10 min. Each PCR product was visualized by electrophoresis on a 2% agarose gel and staining with ethidium bromide.
Repeated subculturing of E. coli O157 strain WF002277S01E. Strain WF002277S01E was continuously subcultured on Luria-Bertani broth and Luria-Bertani agar plates five times per week for 22 weeks (110 times total) at 37°C overnight. One colony was randomly taken each week and subjected to PFGE analysis.
Multiple isolates from the same animal. Twelve colonies of E. coli O157 were selected randomly from all of the available positive colonies on three different samples. PFGE was performed as mentioned above.
Antibiotic sensitivity testing. Breakpoint sensitivity testing was performed on Iso-Sensitest agar (Oxoid) by a standard agar dilution method (6) at antibiotic concentrations of 4, 8, and 16 mg/liter for ampicillin, cefaclor, cefotaxime, cefuroxime, chloramphenicol, gentamicin, streptomycin, tetracycline, nalidixic acid, and trimethoprim and at 256 mg/liter for sulfamethoxazole. Bacterial strains were grown overnight and diluted to 10 4 CFU/ml. The isolates were inoculated on plates containing different concentrations of antibiotics with a multipoint inoculator (Denley, Billinghurst, United Kingdom) to give a final concentration of 2 ϫ 10 2 CFU per spot. After inoculation, the plates were incubated overnight at 37°C.
RESULTS
Prevalence of shedding. The crude prevalence of shedding among cattle on farm LE01 during quarterly sampling ranged from 0.0 to 18.7%. In December 2000 and in June 2001, following movement restrictions resulting from the United Kingdom foot-and-mouth disease outbreak, no shedding was detected. Shedding was highest in September 2000 (5.6%) and September 2001 (18.7%). At other quarterly samplings, the prevalence of shedding was 2.0 to 3.0%.
Among calves in the second longitudinal study on farm LE01, the prevalence of shedding ranged from 0.0 to 48.0% while on pasture prior to housing. Following housing, waves of shedding were observed in both groups, and the shedding prevalence ranged from 0.0 to 90.0%. A total of 664 samples were taken from 49 calves in the third longitudinal study. E. coli O157 isolates. A total of 293 isolates was obtained from the two farms. Forty-nine of these isolates were taken from 30 animals on LE01 before the foot-and-mouth disease outbreak (before February 2001), 45 isolates were fecal (i.e., taken direct from the ox), and 4 isolates were environmental samples obtained from a water trough, two fecal pats, and a dog. Eight cattle yielded at least 2 isolates. After the foot-andmouth disease outbreak (from August 2001), 145 fecal isolates were obtained from farm LE01. Twenty-two of these animals yielded at least two isolates. Eighty-eight samples were obtained from farm LE02 after the foot-and-mouth disease outbreak: 19 fecal samples and 69 pat samples.
PFGE patterns of isolates. We analyzed 293 E. coli O157 isolates and demonstrated 19 different PFGE patterns after genomic digestion with the restriction enzyme XbaI. The PFGE patterns of these groups are shown in Fig. 1 . The PFGE groups detected differ from the baseline pattern, 14A, by 1 to 11 bands. Our results show that most pattern variations occurred in the region of 300 to 500 kb. As illustrated in Table 4 , certain patterns were specific to an individual farm. For example, pattern 12A occurred only on LE01, whereas pattern 12B was only seen on LE02. Two patterns, 14A and 15A, were found on LE01 before but not after the foot-and-mouth disease epidemic in 2000. Variant 14A was detected continuously on LE02 from 2001. Some patterns (11A, 11C, and 14F) were only detected for short, discrete periods, but others were found on numerous sampling occasions (12A, 13B, 13F, and 14A).
At each sampling point there was usually more than one PFGE pattern of E. coli O157 present on the farms. We observed that one ox can shed E. coli O157 with different genotypic patterns at consecutive sampling times (Table 5) . A particular example was an ox from farm LE01 (LE01.0647) which was sampled four times within a month and a different pattern was observed each time. Initially, this animal shed E. coli O157 with PFGE pattern 13B; at the following sampling, the band at 280 kb was not detected and, therefore, the pattern group changed to 13E. On the third occasion, this ox shed E. coli O157 with a different pattern (12A) missing two bands at 280 VOL. 70, 2004 GENOTYPIC VARIATION AMONG E. COLI O157 STRAINS 5949 on November 9, 2017 by guest http://aem.asm.org/ and 388 kb. On the fourth occasion, the original PFGE pattern (13B) was found once again. PFGE was performed on these isolates after restriction with NotI enzyme. Patterns 13B and 13E had similar profiles, whereas pattern 12A differed by at least three bands. PFGE analysis of multiple isolates from the same ox. Thirtysix isolates were selected purposively from three positive samples. All 12 picks from one of the samples (WX003137) had indistinguishable PFGE patterns after digestion with XbaI. The other two samples (WX003124 and WX003129) contained strains represented by more than one PFGE group. Figure 2 shows the different PFGE variants after the genomic DNA was digested with XbaI. From the plating of sample WX003124, Twelve colonies were selected. All colonies had identical PFGE profiles (pattern 13F), except the 10th pick (S10) that was PFGE profile 15C.
From the plating of sample WX003129, 12 colonies were selected. Isolates from 10 picks (S02 to S11) had an indistinguishable pattern (13F), an isolate from another pick (S01) showed an extra band at 330 kb (pattern 14F), and an isolate (S12) from the remaining picks showed an extra band at 170 kb (pattern 14A).
Comparison of PFGE patterns of E. coli O157 from cattle with E. coli O157 from other sources. Table 6 shows the E. coli O157 strains isolated from different sources in Scotland. PFGE was performed on these strains, and the results were compared to the PFGE patterns of the strains isolated from the two study farms. Figure 3a displays Figure 3b shows the PFGE profile of one human isolate obtained from farm LE01. This isolate displays a PFGE profile identical to pattern 14A, which was the most common profile on LE01 before the footand-mouth disease outbreak. It is therefore possible that the patient was infected as a result of bovine shedding on the same farm. The E. coli O157 isolate recovered from the canine fecal sample from farm LE01 had PFGE pattern 15A, which was identical to a bovine sample recovered from that farm. The same pattern was later detected on farm LE02. Analysis of PFGE patterns of E. coli O157 from calves and dams. From 28 August 2001 to 4 January 2002, only four E. coli O157 strains were isolated from LE01, and they were from four different calves born to dams that did not shed E. coli O157. All had the same PFGE pattern (12A), the most common group on that farm. Ten dams shedding E. coli O157 with PFGE pattern 12A on 3 September 2001 gave birth to calves that did not shed E. coli O157 during this study.
Repeated subculturing of E. coli O157 WF002277S01E. The PFGE pattern of our internal control E. coli O157 strain (WF002277S01E), selected from E. coli O157 strains isolated in this study, did not show any variation from the original pattern after it was continuously subcultured 110 times in broth and on solid media. This observation suggests that the genome of our internal standard was stable and that our experimental conditions had no affect on the stability of this strain.
E. coli O157 susceptibility to antibiotics. Two hundred ninety-three E. coli O157 strains obtained from the two farms were tested. They were sensitive to ampicillin, nalidixic acid, cefaclor, cefuroxime, cefotaxime, and gentamicin at breakpoint concentrations of 4 and 8 mg/liter. All isolates were resistant to 256-mg/liter sulfamethoxazole. Thirty-four (11.6%) isolates were resistant to 8-mg/liter chloramphenicol, and only nine FIG. 2 . PFGE patterns of isolates obtained from 12 colony picks from two plates. Twelve colonies (S01 to S12) were picked from plate WX003124 (left). Twelve colonies were picked from plate WX003129 (right). 
DISCUSSION
Our results demonstrated a high variation among strains of E. coli O157 in just two farms in the same vicinity over a 2-year period. Diversity of subtypes among cattle has been reported elsewhere (2, 10), but isolates were obtained from a vast geographical area and included more than two farms. In one study, 20 PFGE subtypes were reported from 160 isolates from 29 dairy cattle and 3 water troughs (10) , and in the other study, 81 subtypes from 376 isolates were found (24). Akiba et al. (2) obtained 50 PFGE profiles from E. coli O157:H7 isolates from 77 fecal samples isolated from 23 different regions in Japan. Rice et al. (24) have previously detected an average of 5.5 (3 to 11) XbaI subtypes per farm among feedlot farms in the United States. In England and Wales, up to three different verotoxigenic E. coli O157 strains were found among animals on a single farm (36) . Our results demonstrated the presence of 19 PFGE subtypes in a localized cattle population on two beef farms in Scotland. Of these 19 PFGE subtypes, 15 and 7 different XbaI subtypes of E. coli O157 were present on farms LE01 and LE02, respectively, highlighting a high diversity over a 2-year period in a small geographic area. We observed that most of the bands distinguishing between the subtypes are in the region of 300 to 500 kb. The number of fragment differences between each pattern and the baseline group varied from 1 to 11 bands. The criteria applied for PFGE analysis in terms of numbers of band differences are important (30) . We support the notion that the Tenover criteria may not be applicable to the subtyping of E. coli O157 and that one band difference is more important than indicated previously (32) .
Iguchi and colleagues (14) observed that it is possible, by changing the storage environment, growth medium, and inoculating more than one colony for each experiment, that E. coli O157 strains may show differences of two or three fragments in their PFGE patterns. In our laboratory, the continuous subculturing of one fecal E. coli O157 isolate did not show any variation from the original PFGE pattern. Our finding indicates that this strain was genetically stable and that our experimental conditions had no affect on the stability of this strain. Therefore, we anticipated that under our experimental and storage conditions, study strains would remain stable. However, subculturing in the laboratory is not comparable to FIG. 3 growth of the organisms inside the animals, and as Faith and colleagues (10) suggest, it may be possible that the turnover of E. coli O157 is faster in situ than in the laboratory. To date, two mechanisms have been proposed to explain the diversity and strain variation in E. coli O157. Kudva et al. (18) reported that such differences are caused by discrete insertions or deletions of segments of DNA in the genome rather than point mutations in the XbaI sites. They also reported that the majority of genomic differences between E. coli O157:H7 strains occur in O island sequences, suggesting that phagemediated events may be associated with diversity (16, 18) . Diversity has also been proposed to occur in the E. coli O157:H7 genome through the transient appearance of mutator strains, which enhance the rate at which foreign DNA can be combined into the genome (19, 20) .
There are a number of potential environmental sources of E. coli O157, including wild animals, farm vehicles, ingredients in animal feed (8, 9) , and farm employees, which may transfer transient bacteria onto a farm (3, 11, 27, 28) . Manure management, water trough sanitation, and feed management (13, 15) all contribute to preventing transient bacteria from becoming resident. In this study, there was only one strain isolated from water troughs. This strain had PFGE pattern 14A, the pattern most commonly found on farm LE01 prior to the outbreak of foot-and-mouth disease.
During the course of sampling, cattle movement was banned on both farms for several months to minimize the risk of foot-and-mouth disease infection. The PFGE profile of E. coli O157 strains contaminating the farms, especially LE01, was dramatically altered. The number of samples obtained from farm LE02 before the foot-and-mouth disease outbreak was not sufficient to enable us to draw similar conclusions for that farm. However, it is worth noting that two patterns that were detected on LE01 before the foot-and-mouth disease outbreak (14A and 15A) were found on LE02; this observation is not related to the transfer of the three calves from LE01 to LE02. The restriction of movement of animals during the foot-andmouth disease epidemic may have played a role in the alteration of E. coli O157 subtypes transient or endemic to the farms. In general, the turnover of cattle on LE01 was relatively high, and therefore, the introduction of different strains of E. coli O157 may have occurred when new cattle arrived on the farm. The presence of indistinguishable subtypes on LE01 and LE02 suggests the possibility of one or more common sources of E. coli O157 strains for both farms.
At a single sampling point, more than one pattern of E. coli O157 was usually detected on each farm. There were also instances when an animal shed more than one subtype of E. coli O157 over a 4-week period on different sampling occasions. These observations may be a result of simultaneous shedding of more than one strain of E. coli O157 or caused by mutational events in the genome in vivo. Kudva et al. (17) demonstrated that multiple strains of E. coli O157 in sheep may be shed from a single animal simultaneously. On the other hand, Akiba et al. (4) observed a total of nine genetic subtypes from a total of 46 isolates from seven cattle over a 2-month period. Since most of the isolates were highly related, it was assumed that a single strain that colonized cattle on that farm could have mutated slightly during either carriage by cattle or in the farm environment.
In our study, analyzing multiple isolates suggested that by far the majority of isolates shed by any given ox comprised indistinguishable PFGE patterns. However, we have observed different PFGE profiles of E. coli O157 shed by one ox. Although it is possible that the observed subtle PFGE variants are caused by genetic changes of the dominant variant within the animal, the results of our multiple-pick study strongly suggest the possibility of mixed infection in cattle. A study with more intensive sampling is required to examine this issue.
We could not detect any correlation between E. coli O157 shedding in dams and their calves. There were dams that gave birth to non-E. coli O157-shedding calves and E. coli O157: H7-shedding calves that were born from non-E. coli O157-shedding dams. This supports the notion that environmental spread is important in the dissemination of E. coli O157 among cattle.
The continued overwhelming sensitivity of E. coli O157 in this study to almost all antibiotics tested is astonishing considering the rapid increases in resistance found in other zoonotic bacteria such as Salmonella spp., Campylobacter spp. (1, 33) , and other E. coli serotypes from the same farm (D. Hoyle, C. Yates, M. Pearce, H. Knight, G. Gunn, M. Woolhouse, and S. Amyes, Abstr. 12th Eur. Congr. Clin. Microbiol. Infect. Dis., abstr. P612, 2002). Interestingly, unlike other studies (11, 26, 31) where high rates of resistance to ampicillin (2 to 48%), tetracycline (4 to 27%), sulfamethoxazole (10 to 26%), streptomycin (2%), and chloramphenicol (Ͻ2%) were detected in E. coli O157 recovered from humans and cattle, we only found high-level resistance to sulfamethoxazole (100%) and chloramphenicol (3.6%) and a very low prevalence of resistance to other antibiotics. Temporal and geographical differences between these studies may be the reason for high discrepancies. According to the farmer's records on LE01, the sampled animals had not been treated with antibiotics. The isolates in our study were from untreated animals and therefore had not been exposed to elevated concentrations of antimicrobials as a result of treatment efforts. Most of the resistant isolates were obtained from farm LE02, and the antibiotic treatment records for animals were not available. Continued surveillance of antibiotic resistance among zoonotic E. coli O157 is important for determining the presence and prevalence of resistant strains.
